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Effects of Top-Quark Anomalous Decay Couplings at γγ Colliders∗
Kazumasa OHKUMA†
Graduate School of Science and Technology, Kobe University, Nada, Kobe 657-8501, JAPAN
Most general tbW couplings were investigated in the process γγ → tt¯ → ℓ±X for unpolarized photon beams.
The double angular and energy distribution of the lepton was calculated and an optimal-observable analysis on it
was carried out for the SM tt¯ production mechanism. It was also shown that the leptonic angular distribution is
insensitive to non-standard tbW vertex. That means that observation of non-standard effects indicates existence
of some new physics in the production part.
1. INTRODUCTION
The standard model (SM) is extremely success-
ful in particle-physics phenomenology. However,
since there are still several unsolved problems in
the SM, it is believed that the new physics be-
yond the SM is necessary to solve them. There-
fore, it is very important to search for signals of
new physics beyond the SM at forthcoming col-
lider experiments.
Top-quark interactions could prove to be a
reach source of information on the new physics.
Since the mass of the top quark is much larger
than the masses of the other quarks and lep-
tons, and couplings of the top quark are still
not strongly constrained, it is very interesting
to investigate contribution from possible new
physics in the top-quark sector. In addition, the
top quark has some advantageous properties for
searching new physics beyond the SM [1]. There-
fore, in this work, we will discuss effects from
possible anomalous tbW couplings in the process
γγ → tt¯→ ℓ±X , which will be observed at future
photon-photon colliders, by performing a model-
independent form-factor analysis 1.
2. FRAMEWORK
We will adopt the Kawasaki-Shirafuji-Tsai for-
mula [3], assuming that both decaying top quarks
and W bosons are on-shell particles. In this for-
mula, production and decay part are factorized
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1 Non-standard effects in top-quark productions at γγ col-
lider have been studied in ref.[2].
as follows:
dσ
dpℓ
(γγ → ℓ+X ) = 4
∫
dΩt
dσ
dΩt
(nt , 0)
× 1
Γt
dΓ
dpℓ
(t → bℓ+ν), (1)
where Γ and Γt are the leptonic and total widths
of the top quark, respectively, i.e., Γ = BℓΓt ,
using Bℓ as the branching ratio for t → bℓ+ν (≃
0.22). dΓ/dpℓ means the differential decay rate
for the top quark. dσ(nt , 0)/dΩt is obtained from
dσ(st, st¯)/dΩt which is the angular distribution
of tt¯ with spin st and st¯ by replacing s
µ
t → nµt =(
gµν − p
µ
t
p
ν
t
m2
t
)
mt
(ptpℓ)
pℓν and setting st¯ → 0 [4,5].
Since we will perform a model-independent
analysis we should use the most general couplings
of ttγ and tbW . However, since top-quark pair is
produced via t- and u-channel processes in γγ col-
lisions differently from the case of e+e− collisions
in which top-quark pair is produced via s-channel
one, there are two ttγ couplings, and each ttγ
coupling includes one virtual top quark. Thus,
without some assumptions or choice of specific
models, it is not possible to estimate momentum
dependence of form factors of ttγ coupling, and
consequently we cannot perform the dΩt integra-
tion in (1).
On the other hand, in top-quark decay pro-
cesses, since top quarks, bottom quarks and W
bosons can be treated as on-shell particles, we
can fix momentum dependence of form factors
and parameterize non-standard effects in terms
of constant parameters. For these reasons, in this
work, we will focus on the possibilities of new
physics in the decay part assuming the SM pro-
1
duction of the top quark.
We will adopt the following most general form
of the tbW vertex suitable for the t → W+b de-
cays 2:
ΓµWtb = −
g√
2
u¯(pb)
[
γµ(fL1 PL + f
R
1 PR)
− iσ
µνkν
MW
(fL2 PL + f
R
2 PR)
]
u(pt), (2)
where PL/R = (1∓γ5) and k is the momentum of
W boson. f
L/R
1,2 parameterize non-standard de-
cay effects. Because W boson is on-shell in the
narrow-width approximation, the two additional
form factors do not contribute. In the SM, fL1 = 1
and the other form factors vanish.
Eq.(2) allows us to perform global analysis of
the non-standard effects in the top-quark decay
if the decay is described by the sequential chain:
t→W+b→ bℓ+νℓ.
3. FINAL LEPTON DISTRIBUTION
In the following calculation, we neglected
masses of final leptons, bottom quarks and
quadratic terms of non-standard form factors.
3.1. Angular and Energy Distribution
Adopting the SM production of tt¯ and the form
factors of the top-quark decay in eq. (2), we can
calculate the angular and energy distribution of
final leptons as
dσ
dxd cos θℓ
(γγ → ℓ+X) = 3(eQt)
4β
64π2s
×
[
f1(x, cos θℓ) + Re(f
R
2 )f2(x, cos θℓ)
]
,
where
f1(x, cos θℓ) = x
[
−2πG00
+
(
1 +
4m2t
s
− 8m
4
t
s2
)
G01−8m
4
t
s2
G02
]
,
f2(x, cos θℓ) = 2
√
rx
[
−2πG10
+
(
1 +
4m2t
s
− 8m
4
t
s2
)
G11 − 8m
4
t
s2
G12
]
,
2Of course, though the vertex for t¯ → W−b¯ decay would
be also written down, it was omitted.
with
G00(x, θℓ) ≡ C
∫ c+
c
−
d cos θt ω,
G01(x, θℓ) ≡ C
∫ c+
c
−
d cos θt ω(I+ + I−),
G02(x, θℓ) ≡ C
∫ c+
c
−
d cos θt ω(J+ + J−),
G10(x, θℓ) ≡ C
∫ c+
c
−
d cos θt ω
( 1
1− ω −
3
1 + 2r
)
,
G11(x, θℓ) ≡ C
∫ c+
c
−
d cos θt ω
( 1
1− ω −
3
1 + 2r
)
× (I+ + I−),
G12(x, θℓ) ≡ C
∫ c+
c
−
d cos θt ω
( 1
1− ω −
3
1 + 2r
)
× (J+ + J−),
I± ≡
∫ 2π
0
dx
1
A± cosx+B±
= 2π/
√
B2± −A2±,
J± ≡
∫ 2π
0
dx
1
(A± cosx+B±)2
= 2πB±/
√
(B2± −A2±)3
A± = ±β sin θt sin θℓ, B± = 1± β cos θt cos θℓ,
r ≡ (MW /mt)2 , W ≡ (1− r)2(1 + 2r),
ω ≡ (pt − pℓ)2/m2t , C ≡ 3Bℓ(1 + β)2s/(m2tW ).
In the above integration, c± express the kinemat-
ical upper/lower bounds of cos θt (see ref. [5]),
x is the rescaled energy of the final lepton de-
fined in terms of its CM-frame energy Eℓ and
the top-quark velocity β(≡
√
1− 4m2t/s) as x ≡
2Eℓ
mt
√
(1− β)/(1 + β), and θℓ is the angle between
the initial beam direction and the final-lepton mo-
mentum. This result shows that the angular and
energy distribution enables us to investigate non-
standard decay via Re(fR2 ) exclusively.
Performing an optimal-observable analysis [6]
for t decay, we have determined the following size
of anomalous coupling that would guarantee a sig-
nal at 1σ level: δ(Re(fR2 )) = 8.58× 10−3 with in-
tegrated luminosity L = 500 fb−1 and one-lepton-
detection efficiency ǫ = 0.6. Of course we can
carry out an analogous calculation for t¯ decay,
and get the same result.
2
3.2. Angular Distribution
Performing further integration over x for r(1−
β)/(1 + β) ≤ x ≤ 1, we obtain the angular distri-
bution of the final lepton:
dσ
d cos θℓ
=
(eQt)
4β
128π2s
(r − 1)2 (1 + 2r) (β − 1)2
× C
∫ c+
c
−
d cos θt
(1− β cos θt)2
[
−2π
+
(
1 +
4m2t
s
− 8m
4
t
s2
)
(I+ + I−)
−8m
4
t
s2
(J+ + J−)
]
.
Surprisingly, we found that fR2 terms vanish af-
ter x integration. This is one typical example of
the general decoupling theorem found in [7]. For
dσ(γγ → ℓ−X)/d cos θℓ, same calculations lead
us to an analogous result. Thus, in this distri-
bution, we should not observe any signal of non-
standard top-quark decay.
This means: if non-standard effects are ob-
served in this distribution, that is a signal of some
physics beyond our assumptions. Let us recall
what assumptions we have adopted in this work;
1. top-quark decay is described by sequential
decays t→ W+b→ bℓ+νℓ,
2. narrow-width approximation is applicable
for t and W ,
3. masses of b quarks and final leptons, and
quadratic terms of non-standard form fac-
tors were neglected,
4. non-standard effects do not exist in the pro-
duction.
The assumptions 1∼3 are well justified in this
process, therefore observation of non-standard ef-
fects in the angular distribution would be a sig-
nal of physics beyond the assumption 4, i.e. new
physics in the production part.
4. SUMMARY
In the process γγ → tt¯ → ℓ±X for unpolar-
ized photon beams3, the angular and energy dis-
tribution, and the angular distribution of the sec-
ondary lepton were calculated, assuming the stan-
dard top-quark production and the most general
3The analysis that takes into account the beam polariza-
tion is under way[8].
couplings for the decay. In addition, the masses
of bottom quarks and final leptons have been
neglected and only linear terms of non-standard
form factors have been kept. To calculate distri-
butions of final leptons, Kawasaki-Shirafuji-Tsai
formula was adopted with narrow-width approx-
imation for the top quark and W boson.
The double angular and energy distribution is
sensitive to the non-standard contribution from
the top-quark decay vertex. Thus this observable
seems to be a useful tool to measure deviations
from the standard top-quark decay. For the angu-
lar distribution of the final leptons, non-standard
effects of tbW couplings completely vanish after
integration of the energy dependence. Therefore,
an observation of any non-standard signal in the
angular distribution may be an indication of some
new physics in the production mechanism.
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